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Opaques (mostly ilmenite) make up 0-5% of highland rocks, 1-11% of Iow-Ti mare
basalts, and 10-34% of high-Ti mare basalts (Carter 1988). Apollos 11 and 17 sampled
high-Ti basalts. Apollos 12 and 14 sampled Iow-Ti basalts. Apollo 15 sampled a
complex mixture of mare and highland material. Apollo 16 sampled mainly highland
material (Taylor 1975).
Mare Basalts (Rocks)
IImenite is the third most abundant mineral in Apollos 11 and 17 rocks. It is very
conspicuous in Apollo 11 samples, with platy crystals occasionally reaching several
millimeters in size (Levinson and Taylor 1971, Mason and Melson 1970). Ilmenite is
found in a wide variety of shapes, ranging from euhedral to anhedral, blocky, tabular,
platy, and skeletal forms (Frondel 1975, Levinson 1971). Ilmenite also occurs as rims
surrounding armalcolite cores. These rimming ilmenites generally contain exsolved
futile and spinel (Frondel 1975). However, most ilmenite is homogeneous, and the
ilmenites associated with armalcolite and exsolved rutile are "relatively rare and
quantitatively minor" (Levinson and Taylor 1971).
Lunar ilmenite is almost pure FeTiO3; a Mossbauer study of Apollo 11 ilmenite
found no detectable ferric iron (Mason and Melson 1970). The following minor and
trace elements have also been reported: Apollo 11--AI203, 0.1-0.3%; MnO, 0.3-0.6%;
CaO, up to 0.3%; Cr203, 0.1-1.3%; V203, up to 0.2%; Zr203, up to 0.3%; and MgO, up
to 6.0% (Mason and Melson 1970). [Imenite appears to be the major host phase for Zr
(Levinson and Taylor 1971). There does not appear to be any relationship between
MgO content of ilmenite and its grain size or mineral association (Frondel 1975),
although some researchers have suggested that high-magnesian ilmenite is associated
with armalcolite (Frondel 1975). Levinson and Taylor (1971) state that high-magnesian
ilmenite in Apollo 11 samples occurs as small tabular grains totally enclosed in
pyroxene. Apollo 14 ilmenite contains 0.2-0.6 wt% ZrO 2 and up to 3.9 wt% MgO, which
is noteworthy as the whole rock has lower MgO than that from other Apollo sites
(approximately 8-8.5 wt%). In addition, ilmenite from one Apollo 14 sample contained
Ti +3 (El Goresy et al. 1972). Apollo 17 sampled two types of basalts with different
crystallization histories. ]lmenite is found as primary blocky crystals in both types of
basalt and as rims around armalcolite in Type [I basalts (El Goresy et al. 1974). Apollo
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17 ilmenite contains 0.55-0.70 wt% MnO, 1.51-4.68 wt% MgO, and 0.48-1.05 wt% Cr203
(El Goresy et al. 1974).
Mare Soils
The lunar regolith contains material ranging from fines to blocks meters across.
The material with grain size less than 1 mm is referred to as soil (Taylor 1975). This
soil consists of mineral grains, rock fragments, glasses, and agglutinates, which are
"glassy, rock and mineral fragments welded together by glass" (Taylor 1975).
Agglutinates constitute up to half of the material in some size fractions (Levinson and
Taylor 1971; Agosto 1988). As a result, the amount of ilmenite which is easily
separated from lunar soils is considerably less than the normative ilmenite. This was
shown by McKay and Williams (1979), who report modal abundances of 2.2% and 4.9%
for Apollo 11 and 17 soils with normative abundances (calculated from TiO 2 contents)
of 14.7% and 15.5%, respectively. They note that the available ilmenite in the average
Apollo 17 mare soil is only one-third of the normative ilmenite. McKay and Williams
(1979) also suggest that ilmenite abundance increases with decreasing grain size
fraction. However, a study of Luna 24 soils does not support this correlation (Laul et
al. 1987).
Frondel (1975) reports the results of x-ray studies; lunar and terrestrial ilmenite
appear to have identical crystal structure parameters. She concludes: "It would appear
that until we have many more x-ray and chemical analyses of both lunar and terrestrial
ilmenites, the lunar ilmenite and its earthly counterpart can be assumed to be the
same." However, it is known that reduction of lunar ilmenite is more difficult than for
terrestrial ilmenite, due to the lack of ferric iron in the lunar ilmenite (Briggs 1988).
Finally, McKay and Williams (1979) note that hydrogen is implanted in lunar soils
by the solar wind. Data on hydrogen content of lunar soils are sparse and not in good
agreeement. Reported bulk soil hydrogen contents range from 30-145 ppm. McKay
and Williams (1979) note that ilmenite is known to retain helium much more readily than
other minerals. Although there are no data for hydrogen, they speculate that if
hydrogen is retained similarly to helium, it could exist at the 1000 ppm level in lunar
ilmenite.
Beneficiation
A discussion of possible techniques for mining and beneficiation of lunar ores is
given by Williams et al. (1979). However, it appears that only William N. Agosto has
actually attempted to separate ilmenite from lunar soils in the laboratory (Agosto 1984,
1985, 1988i. Agosto has done electostatic separation experiments on simulant soils
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(madewith terrestrial ilmenites)and a 90-150 micron size fraction of an Apollo 11 soil.
The experiments were run both in a vacuum and in a nitrogen atmosphere. Only 30%
of the ilmenite was recovered in one pass in the vacuum (it is not clear whether he is
referring to lunar or simulant ilmenites), while much better results were obtained using
a nitrogen atmosphere, because of the density difference between ilmenite and other
minerals in the soil (Agosto 1988). Ilmenite in the lunar simulant was concentrated from
10 wt% to 95 wt%, with 68% of the ilmenite recovered after one pass in nitrogen.
Ilmenite in the Apollo 11 soil was concentrated from 10 vol% to 54 vol%, with 45%
recovery after one pass (Agosto 1984). Perhaps some combination of magnetic and
electrostatic separation is needed.
Biblioc.:.:jraphy*
Acton, C. F. (1988) Processing of metal and oxygen from lunar deposits. In untitled
report of 1984 NASA LaJolla summer study on use of space resources (preprint).
Agosto, W. N. (1984) Electrostatic separation and sizing of ilmenite in lunar soil
simulants and samples. LPSC XV, 1-2.
Agosto, W. N. (1985) Electrostatic concentration of lunar soil minerals. In Lunar
Bases and Space Activities o[ the 21st Century, LPI.
Agosto, W. N. (1988) Lunar beneficiation. In untitled report of 1984 NASA LaJolla
summer study on use of space resources (preprint).
Alexander, C. (1978) Extraterrestrial resources in the solar system. The Foundation
Report 2, 1-6.
Allton, J. H., C. Galindo, Jr., and L. A. Watts. (1985) Guide to using lunar soil and
simulants for experimentation. In Lunar Bases and Space Activities o/ the 21st
Century, LPI.
Bence, A. E. (1988) Lunar resource evaluation and mine site selection. In untitled
report of 1984 NASA LaJolla summer study on use of space resources (preprint).
Blank, H., A. El Goresy, J. Janicke, R. Nobiling, and K. Traxel. (1984) Partitioning of
Zr and Nb between coexisting opaque phases in lunar rocks--determined by
quantitative proton microprobe analysis. EPSL 68, 19-33.
BSVP (Basaltic Volcanism Project). Lunar highland basalts, Ch. 1.2.10, 268-281.
BSVP (Basaltic Volcanism Project). Lunar mare basalts, Ch. 1.2.9, 236-267.
Briggs, R. (1988) Oxidation/reduction of ilmenite and the design of an oxygen
production facility for use on the moon. SSI Update, Vol. XIV, Issue 6, 1-5.
*References gathered so far. Question marks indicate that I don't have the information,
I was looking at a photocopy, etc.
A-4
Carter,J. L. (1988) Lunarmaterial resources:an overview. In untitled report of 1984
NASA LaJolla summer study on use of space resources (preprint).
Chyi, L. L. and W. D. Ehmann (1973) Zirconium and hafnium abundances in some lunar
materials and implications of their ratios. Proc. 4th Lun. Sci. Con[., 1219-1226.
Cutler, A. H. (1984) Lunar oxygen production by carbothermal processing. Grant
proposal.
Cutler, A. H. (1985) A carbothermal scheme for lunar oxygen production. In Lunar
Bases and Space Activities o[ the 21st Century, LP[.




Iron and titanium distribution on the moon from orbital gamma ray
with implications for crustal evolutionary models. JGR 85,
Davis, P. A. and J. R. Arnold (????) Iron and titanium distribution on the lunar surface
as determined by matrix inversion of gamma-ray orbital data. ???? (abstract).
Donnelly, R. P., L. J. Brennan, W. McMullan, and A. Rouillara (1970) Reduction of iron
oxide in ilmenite beach sands. Australian Mining, March, 58-65.
Ehmann, W. D. and L. L. Chyi (1974) Abundances of the group IVB elements, Ti, Zr,
and Hf and implications of their ratios in lunar materials. Proc. 5th Lun. Con/.,
1015-1024.
Ehmann, W. D., L. L. Chyi, A. N. Garg, and M. Z. Ali (????) The distribution of
zirconium and hafnium in terrestrial rocks, meteorites and the moon. ????
El Goresy, A., L. A. Taylor, and P. Ramdohr (1972) Frau Mauro crystalline rocks:
mineralogy, geochemistry and subsolidus reduction of the opaque minerals. Proc.
3rd Lun. Sci. Con/., 333-349.
El Goresy, A., P. Ramdohr, O. Medenbach, and H. J. Bernhardt
TiO2-rich basalts: opaque mineralogy and geochemistry.
627-652.
(1974) Taurus-Littrow
Proc. 5th Lun. Con[.,
Engelhardt, W. V. (1979) Ilmenite in the crystallization sequence of lunar rocks. Proc.
Lun. Plan. Sci. Con/. lOth, 677-694.
Frondel, J. W. (1975) Lunar Mineralogy, John Wiley and Sons.
Ganapathy, R., G. M. Papia, and L. Grossman (1976) The abundances of zirconium and
hafnium in the solar system. EPSL 29, 302-308.
Garg, A. N. (????) Simultaneous determination of Zr and Hf by radiochemical neutron
activation analysis and their distribution in lunar rocks and meteorites. ????
Gibson, M. A. and C. W. Knudsen (1985) Lunar oxygen production from ilmenite. In
Lunar Bases and Space Activities o/ the 2]st Century, LPI.
Grey, I. E., A. F. Reid, and D. G. Jones (1974) Reaction sequences in the reduction of
ilmenite: .4--interpretation in terms of the Fe-Ti-O and Fe-Mn-Ti-O phase
diagrams. Trans. Inst. Min. Met. 83, C105-Cl11.
A-5
Haskin, L. A. (1985) Toward a spartan scenario for use of lunar materials. In Lunar
Bases and Space Activities o! the 21st Century, LPI.
Hughes, S. S. and R. A. Schmitt (1985) Zr-Hf-Ta fractionation during lunar evolution.
Proc. 16th Lun. Plan. Sci. Con/., D31-D45.
Hussein, M. K., R. Kammel, and H. Winterhagen (1967) A study on the reduction
mechanism of ilmenite ores. Indian J. Technol. 5, 369-377.
Hussein, M. K. and S. Z. EI-Tawil (1967) Solid state reduction of Egyptian black sand
ilmenite with hydrogen, lndian J. Technol. 5, 97-100.
Knudsen, C. W. and M. A. Gibson (1988) Processing lunar soils for oxygen and other
materials. In untitled report of 1984 NASA LaJolla summer study on use of space
resources (preprint).
Laul, J. C., O. D. Rode, S. B. Simon, and J. J. Papike (1987) The lunar regolith:
chemistry and petrology of Luna 24 grain size fractions. Geochim. Cosmochim.
Acta. 51, 661-673.
Levinson, A. P. and S. R. Taylor (1971) Moon Rocks and Minerals, Pergamon Press.
Lewis, J. S., T. D. Jones, and W. H. Farrand (????) Carbonyl extraction of lunar and
asteroidal materials (unpublished).
Lewis, J. S. and R. A. Lewis (1987) Space Resources: Breaking the Bonds o] Earth,
Columbia Univ. Press.
Lindstrom, D. J. and R. H. Lewis (1984) Systematics of electrical conductivities in
silicate melts and implications for melt structure. £0S 65, 290.
Lindstrom, D. J., R. H. Lewis, and L. A. Haskin (????) Electrical conductivity of lunar
melts. ???? (abstract).
Mason, B. and W. G. Melson (1970) The Lunar Rocks, John Wiley and Sons.
McKay, Go, J. Wagstaff, and S. R. Yang (1986) Zirconium, hafnium, and rare earth
element partition coefficients for ilmenite and other minerals in high-Ti lunar
mare basalts: an experimental study. ????
McKay, D. S., R. M. Fruland, and G. H. Heiken (1974) Grain size and the evolution of
lunar soils. Proc. 5th Lun. Con/., 887-906.
McKay, D. S. and R. J. Williams (1979) A geologic assessment of potential lunar ores.
Space Resources and Space Settlements, NASA SP-428, 243-255.
Meek, T. T., D. T. Vaniman, F. H. Cocks, and R. A. Wright (1985) Microwave
processing of lunar materials: potential applications. In Lunar Bases and Space
Activities o/the 21st Century, LPI.
Metzger, A. E. and R. E. Parker (1979) The distribution of titaniaum on the lunar
surface. EPSL 45, 155-171.
Nakamura, Y., H. Fujimaki, N. Nakamura, and M. Tatsumoto (1986) Hf, Zr, and REE
partition coefficients between ilmenite and liquid: implications for lunar
petrogenesis. Proc. 16th Lun. Plan. Sci. Con/., D239-D250.
A-6
Poggi, D., G. G. Charette, and M. Rigaud (????) Reduction of ilmenite and ilmenite
ores. ????
Rao, D. Bhogeswara, U. V. Choudary, T. E. Erstfeld, R. J. Williams, and Y. A. Chang
(1979) Extraction processes for the production of aluminum, titaniaum, iron,
magnesium, and oxygen from nonterrestrial sources. Space Resources and Space
Settlements, NASA SP-428, ??
Shima, M. (1979) The abundances of titanium, zirconium and hafnium in stony
meteorites. GCA 43, 353-362.
Stanin, F. T. and L. A. Taylor (1979) Armalcolite/ilmenite: mineral chemistry,
paragenesis, and origin of textures. Proc. Lun. Plan. Sci. Con/. IOth, 383-405.
Taylor, S. R. (1982) Planetary Science: A Lunar Perspective, Lunar and Planetary
Institute.
Usselman, T. M. (1975) Ilmenite chemistry in mare basalts, and experimental study.
Abstract o/ Con/. on Origin o/ Mare Basalts and Their implications /or Lunar
Evolution, 164-168.
Visnapuu, A., B. C. Marek, and J. W. Jensen (1972) Conversion of ilmenite to rutile by
a carbonyl process. U.S.D.I., Bureau of Mines Rept., Investigation 7719.
Volk, W. and H. H. Stotler (1970) Hydrogen reduction of ilmenite ores in a fluid bed.
J. o/ Metals, January, 50-53.
Waldron, R. D. (1979) The role of chemical engineering in space manufacturing.
Chem. Eng., February 12, 80-94.
Walsh, R. H., H. W. Hockin, D. R. Brandt, P. L. Dietz, and P. R. Girardot (1960) The
reduction of iron values of ilmenite to metallic iron at less than slagging
temperatures. Trans. o/the Metall. Soc. o/A/ME 218, 994-1003.
Webster, A. H. and N. F. H. Bright (1961) The system iron-titanium-oxygen at 1200 C
and oxygen partial pressures between 1 atm and 2 x 10-4 atm. J. Amer. Ceramic
Soc. 44, 110-116.
Williams, R.J. (1983) Enhanced production of water from ilmenite: an experimental
test of a concept for producing lunar oxygen. LPSC XIV Special Session
Abstracts, 34-35.
Williams, R. J. (1985) Oxygen extraction from lunar materials: an experimental test of
an ilmenite reduction process. In Lunar Bases and Space Activities o[ the 21st
Century, LPI.
Williams, R. J., D. S. McKay, D. Giles, and T. E. Bunch (1979) Mining and beneficiation
of lunar ores. Space Resources and Space Settlements, NASA SP-428, 275-288.
